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Abstract: Mapping quantitative trait loci (QTLs) is a foundation for molecular marker-assisted 
selection and map-based gene cloning. During the past decade, numerous QTLs for seed yield and 
yield-related traits in Brassica napus have been identified. However, integration of these results to 
compare QTLs from different mapping populations has not been undertaken, due to the lack of 
common molecular markers between studies. Using previously reported B. rapa and B. oleracea 
genome sequences, we carried out in silico integration of 1,960 QTLs associated with 13 seed yield and 
yield-related traits from 15 B. napus mapping experiments over the last decade. A total of 736 seed 
yield and yield-related QTLs were mapped on to 283 loci in the A and C genomes of B. napus. These 
QTLs were unevenly distributed across the 19 B. napus chromosomes, with the most on chromosome 
A3 and the least on chromosome C6. Our integrated QTL map identified 142 loci where the conserved 
QTLs were detected and 25 multifunctional loci, mostly for the traits of flowering time, plant height, 
thousand seed weight, maturity time, and seed yield. These conserved QTLs and multifunctional loci 
may result from pleiotropism or clustered genes. At the same time, a total of 146 genes underneath the 
QTLs for flowering time and other yield-related traits were gained by comparative mapping with the 
Arabidopsis genome. These results facilitate the retrieval of B. napus seed yield and yield-related QTLs 
for research communities, increase the density of targeted QTL-linked markers, validate the existence 
of QTLs across different populations, and advance the fine mapping of genes. 
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Introduction 
Brassica napus L. (2n=4X=38, AACC) originates from hybridization between B. oleracea 
(2n=2X=18, CC) and B. rapa (2n=2X=20, AA) (U 1935). B. napus (canola or rapeseed) is planted 
worldwide, and is an essential source of oil, fodder and biodiesel. Since the first molecular linkage map 
in B. napus was reported (Landry et al. 1991), thousands of important QTLs for traits such as seed 
yield, yield components, biomass, flowering time, seed quality, disease resistance or tolerance, mineral 
nutrition and other yield-related traits have been identified in B. napus (Basunanda et al. 2010; Cai et al. 
2012; Chen et al. 2007; Fan et al. 2010; Feng et al. 2012; Long et al. 2007; Rygulla et al. 2008; Shi et 
al. 2012; Yang et al. 2011; Shi et al. 2013; Raman et al. 2013). However, to date, it is still very difficult 
for Brassica breeders to effectively utilize this large body of QTL data. The key limitation to 
integrating these studies is the use of various mapping populations and different molecular markers, 
which hinders comparisons of QTL positions and validation of conserved QTLs. In addition, before the 
B. rapa genome was sequenced (The Brassica rapa Genome Sequencing Project Consortium 2011), no 
Brassica genome sequences were available to aid in the integration of these QTLs and the development 
of additional molecular markers to improve the quality and resolution of the genetic maps.  
Earlier attempts to integrate genetic maps in B. napus were made through combinations of 
markers and populations. The first attempt used RFLP markers and two populations with three different 
parents (Parkin and Lydiate 1997). Subsequently, a consensus linkage map from three DH mapping 
populations was constructed with 992 different markers (Lombard and Delourme 2001), and another 
integrated map was constructed with 240 SSRs and used to map 305 QTL controlling important 
agronomic characters in B. napus (Piquemal et al. 2005). More recent efforts have also generated 
integrated maps for B. napus (Schwarzacher et al. 2008; Wang et al. 2011; Würschum et al. 2012; 
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Delourme et al. 2013). Using map integration, QTL hotspots for many agronomic traits have previously 
been identified in B. napus, including plant height (Mei et al. 2009), flowering time (Long et al. 2007), 
seed yield (Shi et al. 2009), phosphorus efficiency (Yang et al. 2011; Shi et al. 2013), glucosinolate 
concentration (Feng et al. 2012; Uzunova et al. 1995), seed oil content (Delourme et al. 2006; Qiu et al. 
2006), heterosis-related traits (Basunanda et al. 2010; Shi et al. 2011) and disease resistance (Pilet et al. 
2001; Manzanares-Dauleux et al. 2000; Werner et al. 2008; Kaur et al. 2009).  
The techniques of bioinformatics and comparative mapping are often used to identify genes 
underneath the QTLs. For example, a gene underlying a QTL which controls plant height on 
chromosome 1 in rice was identified using the candidate gene strategy (Ishimaru et al. 2004). Likewise, 
based on comparative mapping analysis, the candidate gene BnFLC10 underlying QTL qFT10-4 might 
be the key gene controlling differentiation of winter and spring types of B. napus (Long et al. 2007). In 
addition, through comparative mapping between Arabidopsis and Brassica species, 12 genes 
underlying 8 QTLs for seed weight were identified, and a gene-specific marker for BnAP2 was 
developed in B. napus (Cai et al. 2012). A major QTL (qc5-1/qd5-1) affecting α-tocopherol and the 
candidate gene VTE4 encoding γ-tocopherol methylferase was also identified on chromosome 5 in two 
segregating B. napus populations using high-density single nucleotide polymorphism markers (Shutu et 
al. 2012). The identification of a candidate gene can greatly accelerate progress from QTL mapping to 
gene cloning.  
Seed yield is the most important economic trait of B. napus, but the trait is usually controlled by 
multiple genes and is environmentally sensitive. For B. napus, many studies report QTL mapping of 
seed yield and related yield traits, including traits such as seed weight, pod number, seed number per 
pod, anthesis, and others (Basunanda et al. 2010; Chen et al. 2007; Fan et al. 2010; Long et al. 2011; 
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Shi et al. 2009; Zhang et al. 2012). Due to this available body of research, it is possible to summarize 
and compare QTL maps for seed yield and the yield-related traits in B. napus, advancing QTL mapping 
research. The release of B. rapa genome sequences (The Brassica rapa Genome Sequencing Project 
Consortium 2011) and the availability of the B. oleracea C genome in the Brassica database (BRAD) 
(http://brassicadb.org/brad/index.php) further offer the possibility of integrating QTLs using reference 
genome sequences. To facilitate the retrieval and further utilization of QTLs for the Brassica 
community, we summarized the results of almost all QTL mapping studies that have been done in B. 
napus. Firstly, a total of 736 QTLs for seed yield and yield-related traits in the A and C genomes of B. 
napus were integrated by in silico mapping, and the distribution of these QTLs on linkage groups was 
analyzed. Genes underneath the QTLs for flowering time and other yield-related traits in Brassica 
species were predicted. We successfully identified 142 loci where the conserved QTLs were detected, 
25 multifunctional loci, and 146 genes underneath the QTLs. This result not only establishes a public 
platform to help other researchers retrieve QTLs for seed yield and yield-related traits in B. napus, but 
also offers a feasible approach for identifying integrated QTLs, speeding up future QTL research in B. 
napus.  
 
Materials and methods 
 
Collection of QTLs for seed yield and yield-related traits in B. napus 
QTLs for seed yield and yield-related traits in B. napus were collected from 15 articles published 
over the last 20 years (Butruille et al. 1999; Quijada et al. 2006; Udall et al. 2006; Zhao et al. 2005; 
Chen et al. 2007; Shi et al. 2009; Fan et al. 2010; Wang and Guan 2010; Radoev et al. 2008; 
Basunanda et al. 2010; Shi et al. 2011; Zhang et al. 2011; Würschum et al. 2012; Zhang et al. 2012; 
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Yang et al. 2012b). The collected information included traits, species, QTL-linked markers, name of 
the main QTL, linkage group, logarithm of odds (LOD) value, confidence interval, proportion of the 
phenotypic variation explained by the QTL, additive effect, dominance effect, peak position, reference, 
first author, and published time (as shown in Supplementary Table 1). Traits comprised biomass yield 
(BY) (kg/ha), flowering time (FT) (days), maturity time (MT) (days), number of primary branches 
(NPB), plant height (PH) (cm), pod yield/100 pods (PY) (g), silique density number/cm (SD), silique 
length (SL) (cm), siliques per plant (SPP), seeds per silique (SPS), seed yield (SY) (kg/ha), thousand 
seed weight (TSW) (g) and test weight (TW) (kg/L), which are described in detail in the following 
references: (Quijada et al. 2006; Chen et al. 2007; Shi et al. 2009; Basunanda et al. 2010; Shi et al. 
2011).  
To test the preference or randomness of the genomic distribution of QTLs for the identified yield 
and yield-related traits, chi-squared (χ2) tests were performed where: 
 
 
The theoretical value, T, was the average number of QTLs on each chromosome, which was 
calculated by the ratio of whole numbers of QTLs to the total length of the 19 chromosomes 
(Supplementary Table 8). The actual value, A, was the number of QTLs distributed on each 
chromosome. The result of the χ2 tests show whether or not QTLs of all traits were randomly 
distributed along a linkage group.  
 
QTLs integration by in silico mapping  
The sequences of primers corresponding to the collected QTL-linked markers were downloaded 
χ2=∑ 
(A-T)
2
 
T 
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from http://www.brassica.info/resource/markers.php (Supplementary Table 2). According to the 
nomenclature laws of linkage groups of Brassica species 
(http://www.brassica.info/resource/markers.php) and by comparison of marker names and linear 
positions in each genetic map with that of standard genetic maps, the linkage groups on which QTLs 
were mapped was determined for each study. Next, we used primer sequences linked to QTLs to 
perform local BLASTN analysis against the A and C genomes in the BRAD database 
(http://brassicadb.org/brad/blastPage.php) with the E value set as e
-5
, mapping QTLs to corresponding 
chromosomes. If the confidence intervals of two or more QTLs overlapped, Bio-Mercator version 2.1 
(a package of computational methods for the meta-analysis of QTLs mapping experiments) was used to 
integrate the QTLs and determine the positions of each QTL. Finally, the genetic linkage 
groups/chromosomes and displayed QTLs for the B. napus seed yield and yield-related traits were 
drawn using an Excel Based Comparative Mapping Tool 
(http://www.brassicadb.info:8080/tools/EBCMT.html). 
 
Screening of genes underneath the QTLs for flowering time and other 
yield-related traits in Brassica species 
The genes for flowering time and other yield-related traits (including seed yield) were extracted 
from the published references and the Arabidopsis database (www.arabidopsis.org) by inputting 
keywords for target traits, such as ‘seed yield’, ‘biomass’, ‘pod number per plant’, and ‘flowering time’. 
The sequences of identified genes were downloaded in bulk from the website 
(http://www.arabidopsis.org/tools/bulk/sequences/index.jsp) and were used to perform a BLASTN 
analysis against the CDS (coding DNA sequence) sub-databases of B. rapa and B. oleracea in the 
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Brassica database on http://brassicadb.org, with E<e
-100
. These hits were homologous to Arabidopsis 
and their chromosomal positions could be determined in the BRAD database. If the distance between 
the homologous hit and an adjacent marker closely linked with a QTL for yield or a yield-related trait 
was smaller than 1 cM (centimorgan) (Long et al. 2007), then the gene was selected as a candidate 
gene for the adjacent QTL. The display of genes underneath the QTLs on chromosomes was performed 
by a Perl-based program. 
 
Results 
Collection and analysis of seed yield and yield-related QTLs in B. napus  
From 1997 to 2012, at least 15 QTL mapping studies have been published for seed yield and 
yield-related traits in B. napus (Supplementary Table 1). By sorting the QTL maps in the A and C 
genomes (Supplementary Table 1, Supplementary Table 2), 1,960 QTLs for seed yield and 
yield-related traits in B. napus were obtained. Significantly more QTLs were identified in the A 
genome (1,268) than in the C genome (692); (χ2=499.7, P<0.005). The largest number of QTLs (223, 
11.3%) was on chromosome A1, while chromosome C4 had the fewest QTLs (23, 1.1%). QTLs for the 
13 different traits were unevenly distributed throughout the A and C genomes (χ2 test; Supplementary 
Table 4). All traits had significant QTLs except silique density and silique length. Flowering time had 
the most biased distribution of QTLs (χ2 =663.744), followed by thousand seed weight (χ2 =427.795).  
Supplementary Table 3 shows the mean values and range of variation of the LOD values, the 
explainable phenotypic variation, and the confidence intervals in B. napus. QTL LOD value averaged 
5.51, ranging from 4.01 for siliques per plant to 8.64 for silique length. Explainable phenotypic 
variation per QTL averaged 8.24%, ranging from 5.6% for pod yield/100 pods to 12.38% for test 
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weight. Silique length and test weight QTLs had more than 10% phenotypic variation on average. 
Overall, silique density was the most stable trait, controlled by a small number of QTLs. QTL 
confidence intervals averaged 7.57 cM (range 0.6 – 61.1 cM), indicating that much more work is 
needed to narrow the QTL confidence intervals. 
 
Integration of seed yield and yield-related QTLs in B. napus 
The integration of QTLs derived from different mapping populations and different environments 
can help identify stable QTLs with large genetic effects, add additional markers to maps, and narrow 
QTL confidence intervals. We collected 415 primer pair sequences, including 311 SSR primer pairs 
and 104 restricted fragment length polymorphisms sequences (RFLPs): these markers were closely 
linked to 1,237 QTLs, Thus, 2.98 QTLs on average were mapped for each locus, with the highest 
number of QTLs (25) located at locus Ol12G04 (Supplementary Table 2). Using in silico mapping, 
only 290 primer pairs (191 SSRs and 99 RFLPs) linked to 736 QTLs could be successfully mapped to 
the A and C genomes (Supplementary Fig. 1, Supplementary Table 5). More QTLs (536; 73%) were 
mapped to the A genome (A1 - A10) than the C genome (C1 - C9; 200 QTLs, average 
22.2/chromosome). Chromosome A3 had the highest number of QTLs (116) and chromosome C6 had 
the fewest QTLs (1) (Table 2).  
The integration efficiency (defined as the number of successfully integrated QTLs divided by the 
original number of QTLs), averaged 36.5% per chromosome, ranging from 0.7% for chromosome C6 
to 58.7% for chromosome C1. Significant variation was observed between chromosomes (χ2=145.0010, 
P<0.005) (Table 2, Supplementary Table 4) but not between traits (χ2=0.461, P>0.995, Table 2) for 
integration efficiency. The traits with the highest QTL integration efficiencies were silique density 
 10 
(50.0%) and test weight (50.0%), while the traits with the lowest integration efficiency were biomass 
yield (21.7%) and silique length (20.0%). Some traits had biased distribution of QTLs: half of the 70 
QTLs for maturity time mapped to chromosomes A1 (10), A9 (15) and C3 (13), half of the 49 QTLs 
for primary branch number were located on chromosomes A3 (14) and A7 (13), and most of the 10 
QTLs for pod yield/100 pods and most of the 15 QTLs for number of seeds per silique were distributed 
on chromosome A1 (Table 2). 
Conserved QTL are QTL that can be detected across different mapping populations and 
environments (Rygulla et al. 2008; Gulick et al. 2010; Yang et al. 2012a). We identified 142 loci where 
the conserved QTLs could be detected for seed yield and yield-related traits in B. napus 
(Supplementary Fig. 1 and Supplementary Table 9). The traits with the most repeatedly-detected QTLs 
were flowering time and thousand seed weight (9 QTLs each). 
A multifunctional locus is defined as a single QTL-rich chromosomal interval that regulates 
more than one trait. These loci may result from pleiotropic genes or clusters of different genes. One 
marker site linked to three or more traits was considered as one multifunctional locus. We 
identified 25 multifunctional loci by in silico mapping in B. napus (Table 3 and Supplementary Fig. 1). 
Multifunctional loci were unevenly distributed between the A genome (22 multifunctional loci) and the 
C genome (3 multifunctional loci) (χ2=48.482, P<0.005). Multifunctional loci mainly involved the 
traits of flowering time, plant height, maturity time, pod yield/100 pods, and thousand seed weight.  
Six multifunctional loci possessed 10 or more QTLs for at least three different traits (Table 3). For 
example, at 3.28 Mb in chromosome A1 (linked with the marker RA2G09), there were 16 QTLs: one 
QTL for each of flowering time, pod yield/100 pods, seed yield and thousand seed weight, three QTLs 
for each of plant height and seeds per silique and six QTLs for maturation time. Site 6.755 Mb on 
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chromosome A2 (linked with marker sN3761a) also had 16 QTLs: eight for flowering time, five for 
seed yield, two for maturity time and one for plant height. Location 3.179 Mb on chromosome A2 
(linked with marker CNU389) had ten QTLs for flowering time, four QTLs for maturity time and two 
QTLs for each of siliques per plant and thousand seed weight. Site 5.577 Mb on chromosome A3 
(linked with marker pX141eE) had 11 QTLs: six for flowering time, four for thousand seed weight and 
one for pod yield/100 pods. 
Seed yield, the most important agronomic trait of B. napus, was linked to nine of the 25 
multifunctional loci (36.0%) (Table 3). In many cases, QTLs for seed yield and QTLs for flowering 
time and plant height coexisted. These results suggest that the same locus may regulate different 
yield-related traits in different environments or genotypes.  
 
Scanning of genes underneath the QTLs for flowering time and other 
yield-related traits in B. napus 
Due to the availability of the Arabidopsis flowering time regulation network as a reference, 
flowering time was separated from other traits in candidate gene prediction, and other yield-related 
traits were classified as one category. A total of 269 genes for flowering time and 98 genes for other 
yield-related traits were collected from the website www.arabidopsis.org and the published references 
(data not shown). Using in silico mapping, 66 flowering time-related genes and 80 other yield-related 
genes corresponding to 120 loci were successfully mapped. The 66 flowering time-related genes 
underneath the QTLs were homologous to 55 A. thaliana genes, while the 80 yield-related genes were 
homologous to 61 A. thaliana genes (Supplementary Fig. 2, Supplementary Table 6 and Supplementary 
Table 7). Most flowering-time-related genes underneath the QTLs were distributed on the A genome 
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(63), with the most genes (19) on chromosome A03. Only 3 genes were located on the C genome. 
Similarly, 69 other yield-related genes underneath the QTLs were distributed in the A genome, with the 
most genes (11) on chromosome A07, but only 11 other yield-related genes were located in the C 
genome (Fig. 2). 
Flowering time is an important agronomic trait affecting crop production. We found vital genes 
underneath the QTLs for control of flowering time, such as FLOWERING LOCUS C (FLC), a 
transcription factor that functions as a repressor of floral transition and contributes to temperature 
compensation of the circadian clock (Sheldon et al. 1999; Sheldon et al. 2000). FLC genes were found 
on the A02 and A10 linkage groups with adjacent markers pX115cH and an FLC1-related marker 
(developed from the FLC gene) respectively, consistent with previous studies (Raman et al. 2013). The 
A. thaliana VIP gene class (VIP1 - VIP7) has multiple functions in development, including repression 
of flowering through activation of the MADS-box gene FLC (Oh et al. 2004). A series of VIP genes 
(VIP2, VIP3, VIP5 and VIP6) involved in flower timing and flower development were discovered on 
chromosomes A1, A2, A3 and A9, adjacent to seven markers. The VIP2 gene near marker CB10271 
was located on chromosome A03; VIP3 and VIP5 were adjacent to markers RA2G09 and SA63 on 
chromosome A1; and VIP6 genes were located on four different regions of chromosomes A2, A3 and 
A9, corresponding to markers sN3761a, IGF2134f2, CN11098 and CNU296. The gene FLOWERING 
LOCUS T (FT) and its orthologues play a central role in the integration of flowering signals in different 
regulation pathways within Arabidopsis (Wang et al. 2009). In this study, the FT candidate gene was 
closely linked with markers sN3761a and wg6b10a on chromosome A02, identical to previous results 
(Udall et al. 2005).  
Several other important yield-related genes underneath the QTLs were also identified in our study. 
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AINTAGUMENTA (ANT) is a special gene in plants which regulates cell proliferation and organ growth 
by maintaining the meristematic competence of cells during organogenesis. Generally, lack of function 
of ANT will lead to reduced fertility, abnormal ovules, and abnormal lateral organs (Mizukami and 
Fischer 2000). ANT was mapped on to linkage group A01 in the marker confidence interval 
sN11641-pW248. The gene sequence for ANT was available for B. rapa (Bra011782) and was also 
mapped to the distal end of the long arm of Brassica chromosome A01. Another gene, AUXIN 
RESPONSE FACTOR 2 (ARF2), encodes an auxin response factor, and its mutants can result in 
enlarged rosette leaves, reduced fertility, later senescence, hypocotyl elongation defects, enlarged seeds 
and enlarged cotyledons (Lim et al. 2010; Schruff et al. 2006). ARF2 adjacent to the marker of 
Ol10F04 was mapped to the distal end of the long arm of chromosome A02. TIME OF CAB 
EXPRESSION 1 (TOC1) is a pseudo-response regulator involved in the generation of circadian rhythms 
and contributing to plant fitness (carbon fixation and biomass) (Fukushima et al. 2009). TOC1 was 
found to be adjacent to the marker interval pX116bH-CB10154 on chromosome A03. Mapping genes 
underneath the QTLs provides a method for rapidly identifying target genes corresponding to QTLs.  
 
Discussion 
With the release of large numbers of QTLs in different studies, the integration of QTLs becomes 
necessary, urgent and important. Integrating QTL results across different environments can determine 
which QTLs are less affected by environmental factors and hence of wider use, and also help to isolate 
environment-specific QTLs. In this study, we identified 142 loci with the repeatedly-detected QTLs for 
seed yield and yield-related traits in B. napus across different studies, suggesting targets for future gene 
cloning. QTL integration can also add to marker density in target genomic regions (Qi et al. 1996; Hori 
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et al. 2003; Edwards and Weinig 2010; Blenda et al. 2012) and increase the resolution of QTL 
detection (Jansen et al. 2003), As genetic differences between parents of mapping populations affects 
the marker density of target QTL regions, QTL integration across different populations increase marker 
coverage and density. Some environment-specific QTLs also play an important role in agronomy, such 
as QTLs specifically detected under drought or rainy weather conditions, or in salt or krasnozem soil. 
Production of an integrated QTL map may help isolate these environment-specific QTLs from more 
broadly expressed QTLs, with applications for MAS in specific environments. This study offers a 
platform for QTL retrieval by Brassica communities. Researchers can fully utilize our collected and 
integrated QTL information to seek their target QTLs, avoiding repetition of the same work. 
In this paper, although 1,960 QTLs for yield and yield-related traits of the B. napus from 
published documents were collected, only 1,237 QTLs were found to have primer sequences. By in 
silico mapping, just 736 QTLs were integrated onto the maps, with an integration efficiency of merely 
59.5%. What are the reasons for this? Firstly, differences between the sequenced reference genomes 
and the genomes used to map QTLs may have caused inconsistency in some markers. During the 
process of in silico mapping, we used the reference genome sequences of B. rapa and B. oleracea to 
perform BLASTN analysis; however, the collected QTLs were derived from B. napus. If the B. napus 
genome is released in the future, this problem may be resolved. Secondly, SSRs are one of most 
mutable tracts in genomes (Lin and Kussell 2012). Hence, SSR mutations may have resulted in 
mismatches between primers and target sites, inducing the failure of integration of some QTLs in B. 
napus. 
It should be noted that the methods used to integrate QTLs affect both integration efficiency and 
quality. Therefore, selecting suitable approaches for QTL integration is important. The meta-QTL 
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approach has been proposed to combine results from independently published QTL studies (Goffinet 
and Gerber 2000). This method can identify major, common QTLs out of large numbers of QTLs, and 
provide consensus positions for these meta-QTLs. Meta-QTL analyses for flowering time in maize 
(Chardon et al. 2004), disease resistance traits of Theobroma cacao L. (Lanaud et al. 2009), earliness 
traits in bread wheat (Hanocq et al. 2007), rice root genetic architecture (Courtois et al. 2009), and 
plant height in wheat (Griffiths et al. 2012), have demonstrated the usefulness of this approach in 
predicting the number of “real” QTLs from the observed QTLs and in accurately locating consensus 
QTLs. The integration of genetic maps and QTL locations by iterative projections onto a reference map 
is another approach that can be used to position both markers and QTLs on a single consensus map. For 
example, Mace et al. (2009) (Mace et al. 2009) used simple projection to integrate genetic maps in 
barley by using one map as a “base” or reference map. The program “JoinMap” (Van Ooijen 2006) has 
also been used for map integration in rye (Milczarski et al. 2011) and barley (Muñoz-Amatriaín et al. 
2011), and the program “Merge-Map” (Wu et al. 2011), based on directed acyclic graphs (DAGs), has 
been used in map integration in cowpeas (Muchero et al. 2009) and Brassica (Wang et al. 2011). 
Although these approaches determine the order of integrated markers and QTLs, they do not provide 
very accurate positioning. In this study, the sequences of primers corresponding to the collected 
QTL-linked SSR and RFLP markers were extracted, and we aligned them on a sequence-based 
physical map for B. napus. Thus, the resulting information is more accessible for applications in plant 
breeding programs. 
In the integrated maps, 25 multifunctional loci were identified. This phenomenon of QTL 
clustering has also been found by other researchers. For example, a cluster of major QTLs for lateral 
root number and biomass traits at low phosphorus availability has been identified on chromosome A03 
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of B. napus (Shi et al. 2012). Chagné et al. (2012) found seven stable QTL clusters for the content of 
flavanols, anthocyanins, and hydroxycinnamic acids across two years (Chagné et al. 2012). The most 
persuasive explanation for the phenomenon may be pleiotropism, or a closely-linked relationship 
between genes controlling the different traits. For example, a total of seven QTLs for 1000-grain 
weight, spikelets per panicle, grains per panicle, panicle length, spikelet density, heading date, and 
plant height in rice generated one cluster (P≤0.0001) and were co-localized in the same 37.4 kb interval 
(Xie et al. 2008). Most of the wall-associated kinase (WAK) /WAK-like kinase (WAKL) family also 
display gene clusters (Verica and He 2002), and He et al. (2006) found a leucine-rich repeat receptor 
kinase gene cluster underlying a single QTL for yield-related traits in rice (He et al. 2006). This 
suggests the possibility that a single pleiotropic gene or gene cluster may control a suite of 
agronomically important phenotypes. Multifunctional loci may exist through evolutionary advantage: 
multiple associated genes that are clustered together can regulate related traits conveniently, rapidly 
and with low cost, in a similar fashion to operons in bacteria. Thus, in breeding, many interesting and 
favorable QTLs may comprise multifunctional loci.  
 
Conclusion  
In the present work, 1,960 QTLs related to seed yield and yield-related traits in B. napus were 
collected from 15 published articles. Using bioinformatics tools, an integrated map was constructed 
with the aid of 191 SSR and 99 RFLP primer sequences linked with 736 QTLs. The integrated map 
covered a total of 13 seed yield and yield-related traits. Significant variation was observed between 
chromosomes but not between traits for integration efficiency. In addition, 142 loci where conserved 
QTLs could be detected, and 25 multifunctional loci were located in the integrated map. By in silico 
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mapping, we successfully located 66 flowering time-related genes and 80 other yield-related genes 
adjacent to 120 markers on the integrated maps. The results provide useful information for identifying 
QTLs related to flowering time and seed yield and its components, as well as genes underneath the 
QTLs in B. napus. Furthermore, these results provide researchers with a useful resource for more 
detailed analyses of the genetic mechanisms underlying seed yield and yield-related traits, and the 
development of more effective markers to assist B. napus breeding. 
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Figure legends 
Fig. 1 The distribution of collected QTLs for seed yield and yield-related traits across the A and C 
genomes in Brassica napus  
The x-axis represents the linkage groups of B. napus. The y-axis shows the number of QTLs on each 
respective linkage group, the z-axis represents the QTL-related traits shown on the x-and y-axes.  
Abbreviation of traits: BY (biomass yield), FT (flowering time), MT (maturity time), NPB (number of 
primary branches), PH (plant height), PY (pod yield/100 pods), SD (siliqua density), SL (siliqua 
length), SPP (siliques per plant), SPS (seeds per silique), SY (seed yield), TSW (thousand seed weight), 
TW (test weight) 
Fig. 2 In silico mapping of genes underneath the QTLs involved in expression of flowering time and 
other yield-related traits in Brassica napus  
The markers are displayed on the left side of each chromosome; the genes underneath the QTLs are 
distributed on the right side; blue frames represent flowering time-related genes underneath the QTLs; 
red frames represent other yield-related genes underneath the QTLs, and the size of the frames is 
decided by the scope of the confidence intervals. Nineteen B. napus chromosomes (A01 to A10, and 
C01 to C09) consisting of 24 ancestral genomic blocks were assigned to subgenomes LF (red), MF1 
(green), and MF2 (blue), and the physical positions on the bottom and top of each chromosome were 
labeled.  
Table 1 QTLs studies on seed yield and yield-related traits in Brassica napus using in silico mapping. 
Table 2 Distribution of integrated QTLs for Brassica napus seed yield and yield-related traits on 
chromosomes 
Table 3 Multifunctional loci for seed yield and yield-related traits in Brassica napus 
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Supplementary Fig. 2 The distribution of genes underneath the QTLs for flowering time and other 
yield-related traits on the linkage groups of Brassica napus  
Supplementary Table 1 Statistics for QTL mapping of seed yield and yield-related traits in Brassica 
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Table 1 QTLs studies on seed yield and yield-related traits in Brassica napus using in silico mapping 
Population parental lines Population 
size 
Population 
type 
Trait  Reference Mapping 
method Hickory × JA177 190 DH TSW  Fan et al. 2010 CIM 
J7046 × J7005 190 F2 TSW  Fan et al. 2010 CIM 
Westar (Marnoo) × Ceres 128 IBL FT, PH, TSW  David et al. 
1999 
- 
Tapidor × Ningyou7 202 DH BY, FT, MT, NPB, PH, SY, SPS, 
SPP, TSW 
 Shi et al. 2009 CIM 
Tapidor × Ningyou7 101 F2 BY, FT, MT, NPB, PY, PH, SY, SPS, 
SPP, TSW 
 
Shi et al. 2011 
CIM 
Tapidor × Ningyou7 202 DH BY, FT, MT, NPB, PY, PH, SY, SPS, 
SPP, TSW 
 CIM 
RV289 × P1804 148 DH FT, PH, SY, TW, TSW  Joshua et al. 
2006 
CIM 
TO1141 × P1804 160 DH FT, PH, SY, SL, TW, TSW  CIM 
HZ396 × Y106 140 DH SPS, SL, TSW  Zhang et al. 
2011 
CIM 
HZ396 × Y106 807 DH SPS, SL, TSW  Zhang et al. 
2012 
CIM 
Express617 × R53 250 DH SY, SPS, TSW  Mladen et al. 
2008 
MCIM 
Express617 × V8 250 DH PH, SY, TSW  Basunanda et 
al.2010 
CIM 
Express617 × R53 250 DH PH, SP, SY, TSW  CIM 
RV128 × P1804 144 DH FT, PH, SY, TW, TSW  Pablo et al. 
2006 
CIM 
RVDH × P124 278 DH FT, PH, SY, TW, TSW  CIM 
Quantum ×No2127 186 RIL SL, TSW  Yang et al. 2012 CIM 
04-1139 × 05-1054 221 F2 SPS, SPP, TSW  Wang et al. 
2010 
CIM 
Quantum × NO.2127-17 258 DH NPB, PH, SD, SL  Chen et al. 2007 CIM 
Sallux × Gaoyou 282 DH FT, MT, PH  Zhao et al. 2005 ANOVA 
Nine parental materials: A, B, C, D, E, 
F, J, H and I 
391 DH FT, PH, SY Tobias et al. 
2012 
JLAM 
DH double haploid, IBL inbred backcross line, RIL recombinant inbred line, MCIM mixed-model-based composite interval mapping, CIM 
composite interval mapping, IQTL iterative QTL mapping, ANOVA analysis of variance JLAM Joint linkage association mapping. 
Abbreviation of traits: BY (biomass yield), FT (flowering time), MT (maturity time), NPB (number of primary branches), PH (plant height), PY 
(pod yield/100 pods), SD (siliqua density), SL (siliqua length), SPP (siliques per plant), SPS (seeds per silique), SY (seed yield), TSW (thousand 
seed weight), TW (test weight). Nine segregating populations derived from reciprocal crosses of nine parental materials combined together to 
form a large DH population. 
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Table 2 Distribution of integrated QTLs for Brassica napus seed yield and yield-related traits on chromosomes 
Trait 
QTL 
numbe
r 
Integrati
on 
efficienc
y (%) 
 
Chromosomes 
A1 A2 A3 
A
4 
A5 A6 A7 A8 A9 
A1
0 
C1 C2 C3 C4 C5 C6 C7 C8 C9 
BY 10 21.7 0 0 4 0 0 0 0 0 4 0 0 0 2 0 0 0 0 0 0 
FT 142 34.6 22 23 42 0 4 2 1 0 2 9 2 17 2 1 7 0 0 2 6 
MT 70 33 10 4 6 5 5 4 2 2 15 2 0 0 13 0 0 0 0 0 2 
NPB 49 42.6 5 0 14 0 9 0 13 0 2 2 2 0 0 0 0 0 0 2 0 
PH 108 42.2 18 13 16 0 6 2 6 5 13 1 0 11 5 1 2 0 1 0 8 
PY 27 49.1 10 2 4 0 0 1 4 0 3 0 0 0 0 0 0 0 0 0 3 
SY 87 39.7 15 7 3 2 5 4 5 2 3 5 6 7 9 5 3 0 2 2 2 
SPS 51 35.4 15 0 1 1 3 0 1 2 0 0 6 2 2 0 0 0 0 2 16 
SD 7 50 1 0 1 0 0 0 0 0 0 1 1 0 0 0 2 0 0 1 0 
SL 10 20 1 0 0 0 0 0 0 0 1 0 0 4 3 0 0 0 0 1 0 
SPP 28 36.8 4 2 2 0 2 1 7 0 1 0 1 0 2 0 2 0 0 0 4 
TW 13 50 1 0 1 0 1 0 2 0 0 2 0 0 1 0 3 1 0 1 0 
TSW 134 39.8 12 7 22 9 11 8 32 7 4 2 5 11 0 1 2 0 0 0 1 
QTL 
number 
736 37.9
a
 114 58 116 17 46 22 73 18 48 24 23 52 39 8 21 1 3 11 42 
Integratio
n 
efficienc
y (%) 
 
_ 36.5
b
 
51.
1 
36 
53.
4 
25 
57.
5 
30.
6 
48.
3 
40.
9 
38.
4 
18.
9 
53.
5 
52 
36.
8 
34.
8 
56.
8 
0.
7 
6.
8 
15.
9 
35.
6 
Abbreviation of traits: BY (biomass yield), FT (flowering time), MT (maturity time), NPB (number of primary branches), PH (plant height), PY 
(pod yield/100 pods), SD (siliqua density), SL (siliqua length), SPP (siliques per plant), SPS (seeds per silique), SY (seed yield), TSW (thousand 
seed weight), TW (test weight). 
a
 the mean of the integration efficiency of traits; 
b
 the mean of the integration efficiency of chromosomes. 
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Table 3 Multifunctional loci for seed yield and yield-related traits in Brassica napus 
Cod
e 
Chromoso
me 
Marker Position 
(Mb) 
QTL 
number 
Repeatedly-detected QTLs 
1 A1 CNU139 2.13 5 FT004, FT014, NPB001, NPB005, SPP001 
2 A1 CB10097 2.23 6 FT003, FT013, NPB004, PH023, SY017, SY018 
3 A1 RA2G09 3.28 16 
FT015, MT002, MT003, MT006, MT007, MT008, MT009, PH005, PH014, 
PH015, PY001, SPP003 SPS005, SPS006, SY003, TSW002 
4 A1 IGF0191b 4.22 12 FT005, FT016, FT017, PH006, PH016, PH017, PY002, SY004, SY010, SY011, 
SY012, SY013 5 A1 CNU235 6.42 4 FT018, MT013, SPS007, SPS013 
6 A1 CB10095 7.45 3 MT004, MT012, TSW003 
7 A1 BN35D 8.47 5 FT007, FT022, MT016, PY006, PY007 
8 A1 IGF2071e 20.74 5 PY009, SPS009S, SPS015, TSW005, TSW007 
9 A2 CNU389 3.18 18 
FT033, FT034, FT035, FT038, FT039, FT040, FT04, 1FT042, FT043, FT044, 
MT021, MT022, MT023 MT024, SPP005, SPP006, TSW020 
10 A2 sN3761a 6.76 16 
FT036, FT037, FT045, FT046, FT047, FT048, FT049, FT050, MT025, MT026, 
PH031, SY020, SY021 SY022, SY023, SY024 
11 A3 IGF5154c 2.56 5 FT084, MT033, PY014, SPP008, SY027 
12 A3 pX141eE 5.58 11 FT054, FT058, FT061, FT070, FT087, FT088, PY015, TSW021, TSW022, 
TSW037, TSW038 13 A3 Ol11G11a 15.72 7 FT078, FT102, FT103, FT104, PH053, PH059, TSW030 
14 A3 CNU270 16.73 7 FT106, FT107, FT108, NPB012, NPB022, NPB023, TSW031 
15 A3 pW129dM
E 
27.88 3 FT064, SY026, TW003 
16 A5 BRAS063 3.30 4 PH075, SPS022, SY041, SY042 
17 A5 MD21 9.76 5 PH071, SPS024, SPS025, TSW082, TSW082 
18 A5 IGF3165a 19.90 6 MT042, MT043, NPB028, NPB034, SY039, SY040 
19 A5 pW247 22.41 6 FT113, FT114, MT039, TSW078, TSW079, TSW080 
20 A7 Ra2G08 4.76 7 NPB038, NPB042 ,PH089, TSW139, TSW140, TSW141, TSW142 
21 A7 BRAS023 8.68 12 
NPB043, PH091, PY024, TSW118, TSW119, TSW120, TSW121, TSW122, 
TSW123, TSW135, TSW136 TSW137 
22 A9 sN11670b 30.86 6 MT058, MT067, MT068, MT069, NPB054, PH107 
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Table 3 continued 
Cod
e 
Chromoso
me 
Marker Position 
(Mb) 
QTL 
number 
Repeatedly-detected QTLs 
23 C2 Na12E04b 8.77 7 SY090, SY103, SY105, TSW204, TSW205 
24 C9 Na12G04 22.29 5 PY032, SPP057, SPP060, SPS066, SPS074 
25 C9 CB10288 28.44 7 FT245, FT246, MT120, MT121, SPS070, SPS078 
Abbreviation of traits: BY (biomass yield), FT (flowering time), MT (maturity time), NPB (number of primary branches), PH (plant height), PY 
(pod yield/100 pods), SD (siliqua density), SL (siliqua length), SPP (siliques per plant), SPS (seeds per silique), SPUA (siliques per unit area), 
SY (seed yield), TSW (thousand seed weight), TW (test weight). 
 
 
 
 
